INTRODUCTION
============

Reversible phosphorylation by the action of kinase and its counterpart phosphatase play important roles in cellular signal transduction processes. It is now apparent that phosphorylation-mediated signaling covers virtually the whole process including metabolism, cell growth, differentiation, immune response, oncogenesis and apoptosis [@B001]. Thus aberrant phosphorylation has been linked to various diseases including cancer, diabetes, neurological disorder, and immune diseases [@B002]. Protein phosphorylation occurs on serine, threonine or tyrosine residues. Although the extent of phosphorylation on tyrosine residues is found to be the least compared to the other two [@B003], tyrosine phosphorylation is a unique characteristic of eukaryote and multicellular signaling [@B004]. Protein tyrosine phosphatases (PTPs) constitute a large protein family with more than ∼100 genes in human [@B005]-[@B007]. Furthermore 90 are known to phosphorylate tyrosine residues, termed as protein tyrosine kinases (PTKs) in the human genome [@B004], suggesting that both PTPs and PTKs represent not only prominent roles in cellular signaling, but the importance of balanced action. PTPs largely comprise three classes of Cys-based PTPs \[**Class I;** classical PTPs & dual specific protein tyrosine phosphatases (DSPs), **Class II;** low molecular PTP, **Class III;** CDC25\] and one class of Asp-based PTP, which can be further divided into eleven sub-groups according to their substrate specificity and structural characteristics ([Fig. 1](#F0001){ref-type="fig"}) [@B005]. The importance of PTPs led to make great efforts to understand the structure and underlying mechanism by determining three dimensional structures. Currently more than 50 unique PTP structures are deposited in the PDB ([www.rcsb.org](www.rcsb.org)) and most of them are contributed by the New York SGX research center for structural genomics (<http://www.nysgxrc.org>), SGC (Structural Genomics Consortium; <http://www.sgc.utoronto.ca>) and KRIBB (Korea Research Institute of Bioscience and Biotechnology; <https://www.kribb.re.kr>) [@B008].

Comprehensive reviews have discussed on the structure and the catalytic mechanism of the cysteine-based PTP superfamily [@B009],[@B010]. However the number of PTP genes is still growing, which include unusual PTP such as eyes absent, which dephosphorylate tyrosyl phosphorylated substrates through an unusual mechanism [@B011]-[@B013]. As the structural information of the entitre sub-group of PTPs including eyes absent are available now, it is the right time to present a comprehensive review of the structure and mechanism of PTPome in terms of the three-dimensional structure. In this short review, we discuss a comparative analysis of our understanding of the catalytic domain of PTP structures and their mechanism.

![Classification of human protein tyrosine phosphatome. Figure is adapted from Alonso *et al*. [@B005].](BMB-45-693-g0001){#F0001}

CLASSICAL PTPs; NON RECEPTOR TYPE & RECEPTOR-TYPE
=================================================

38 Tyrosine specific PTPs (also termed as classical PTPs) can be divided into non-receptor (17 members) and receptor types (21 members) [@B005],[@B006],[@B014]. The classical PTP domains are highly conserved modules in terms of primary and tertiary structures, which has ∼280 amino acids [@B014]. They share a common architecture of a central, highly twisted nine β-stranded sheet ([Fig. 2](#F0002){ref-type="fig"}A). One side of β sheet is covered by six α helices and two short, antiparallel β-strands, and the other by the three α helices. Classical PTPs are defined by the active signature motif (HCX~5~R) and mobile general acid/base loop (WPD), in which cysteine residue acts as a nucleophile and is essential for catalysis [@B015],[@B016]. As shown in [Fig. 2](#F0002){ref-type="fig"}B and C, the phosphate group from the phosphor-tyrosine substrate is coordinated by main-chain amides of the PTP loop and side chain of arginine. The side chain of the active site cysteine is located beneath the PTP loop, in which it has a close proximity to main-chain amides and has an unusually low pKa value of ∼5.0 [@B017]. Thus the active site cysteine exists as a thiolate ion in physiological condition and attacks the phosphorus atom of phosphor-tyrosyl residue. At the same time, the WPD loop move by ∼8Å toward the substrate in which aspartic acid is ideally positioned to act as a general acid to donate protons to phenolic oxygen of the substrate with consequent formation of a phosphor-cysteine intermediate. This intermediate is resolved by an activated water molecule aided by an asparate in the WPD loop and an adjacent glutamine residue.

![Structure and mechanism of classical PTPs. (A) Ribbon diagram of TP1B (pdb code: 2HNP). (B) Crystal structure of PTP1B in complex with phosphor-Tyr (pdb code: 1PTV). Consensus sequences (HCX~5~R), a general acid Asp181 and bound phosphor-Tyr are shown as stick models. (C) Twostep catalytic mechanism of classical PTP.](BMB-45-693-g0002){#F0002}

Receptor type PTP D1-D2
-----------------------

12 out of 21 receptor type PTP contain two catalytic domains, termed proximal and distal PTP domains, respectively. Most distal PTP domains of receptor type PTP lack important amino acids for catalysis and show very low catalytic activity. In particular the active site cysteine is changed to aspartate in a few cases and the general acid in the WPD loop is changed to other residue in all cases [@B014]. The proximal and distal PTP domains of receptor PTPs are arranged in a tandem manner linked with 4-5 amino acids [@B018]. Although the roles of these inactive distal PTPs are largely unknown, biochemical and structural analyses indicate that distal PTPs might play a role in regulating catalytic activities of proximal PTPs [@B019]-[@B022].

Dual specificity protein tyrosine phosphatases (Dusps)
------------------------------------------------------

Dusps constitutes the largest sub-group of protein tyrosine phosphatome that contains more than 60 species. Unlike classical PTPs, Dusps have a low level of sequence homology and several structural variations among species possibly due to granting a wide variety of substrate specificities ([Fig. 3](#F0003){ref-type="fig"}). While the substrate of classical PTPs is confined to phosphor-Tyr, Dusps can dephosphorylate substrates including phosphor-Ser/Thr, phosphor-Tyr, phosphatidyl inositol phosphates, phosphorylated carbohydrate and mRNA. The active site pocket shape appeared to be a main determinant for substrate specificity. The pocket of the classical PTP is narrow and deep so as to only accommodate phosphor-Tyr. However, Dusps have wide and shallow pockets, allowing all substrates to be dephosphorylated [@B016],[@B023]. The common fold of Dusps shares an essential motif of classical PTPs, with conserved active site signature motifs (HCX~5~R) [@B023]. Although Dusps do not possess a WPD loop, they have conserved aspartate residue in the corresponding position, acting as a general acid/base during catalysis. Dusps can be classified into seven sub-groups according to their substrate specificities and modules [@B005]. However, in terms of the structural aspects of catalytic domains, atypical Dusps, LMPTP and slingshots share essentially the same structural homology [@B024].

![Crystal structures of representative Dusps. All Dusps are drawn with the same point of view. The secondary structural elements in blue indicate the deviations from canonical Dusp structure.](BMB-45-693-g0003){#F0003}

Atypical Dusps, LMPTP and slingshots
------------------------------------

They have a minimal basic motif of classical PTPs with smaller size (∼150 amino acids). They contain a central twisted five-stranded β sheet surrounded by five or six helices on or beneath the β sheet. Structural variations occur at the N-terminus and the C-terminus of the catalytic domain. VHR, TMDP and Dusp27 contain an additional α helix at the N-terminus, which are thought to play a role in substrate recognition [@B023],[@B025],[@B026]. Dusp18 contains short antiparallel β-strands at the C-terminus [@B027]. VHY contain an α helix at the C-terminus, which also occurs in PTP1B upon substrate or inhibitor binding [@B028],[@B029]. Although LMPTP shares the same homology with the members of Dusps, LMPTP has a different topological order where the HCX5R motif occurs near the N-terminus [@B030].

MKPs
----

Some of the catalytic domains of MKPs undergo drastic conformational changes upon substrate binding. In the structures of PAC-1, MKP-3 and MKP-4, an additional β strand is added to the central β and serious deviations from canonical PTP loops are observed with very low catalytic activities [@B031]-[@B033]. The activation of those MKPs is achieved through the interactions of their MAPK binding domain at N-terminus with the cognate MAPK substrate, which represents the so-called substrate-induced activation [@B034]. The substrate binding is thought to render catalytically important residues to be positioned in the proper positions. However, other MKPs do not follow substrate-induced activation and adopt canonically active conformation irrespective of substrate binding [@B035]-[@B037].

PRLs
----

PRL-3 is highly overexpressed in liver metastasis of colon cancer but not in non-metastatic nor in normal colorectal epithelium [@B038]. Further, PRL-3 gene amplification is found in metastatic lesions from patients, and catalytic activity of PRL phosphatases contributes to promoting cell migration and invasion [@B039]. Extensive structural studies show PRLs have several distinct differences compared to canonical Dusp structure [@B040]-[@B043]. First, unlike other Dusps, PRLs have a WFPDD motif instead of a WPD-like loop present in classical PTPs. This loop adopts an open conformation in a substrate-free condition while a closed conformation is observed in the existence of a competitive inhibitor, reminiscent of a mobile WPD loop in classical PTP. Second, PRLs exist as a trimer both *in vitro* and *in vivo*, possibly due to increasing the possibility of targeting to membranes [@B041]. Third, PRLs have alanine next to arginine of the PTP loop, which are strictly conserved as serine or threonine in other PTPs. The alcoholic group in this position is important for the breakdown of the phosphor-enzyme intermediate [@B044].

CDC14s
------

CDC14s are involved in dephosphorylation of phosphor-Thr in the activation loop of Cdk. As shown in the structure of kinase-associated phosphatase (KAP), a member of CDC14s, a short β-hair pin is inserted between the β2 strand and α2 helix, which cannot be seen in other classical PTPs and Dusps. It appeared to be important for the recognition of phosphorylated CDK2 substrate [@B045].

PTENs
-----

PTEN is a hallmark of tumor suppression whose mutations are commonly found in most human cancer cells. ∼400 amino acid of PTEN enzyme contains the catalytic domain of Dusp. The catalytic domain of PTEN intensively interacts with the tensin homolog domain involved in targeting PTEN to a membrane. PTEN can dephosphorylate phosphatidylinositol (3,4,5)-trisphosphate (PIP3) at the D3 position, mediating negative regulation of Akt signaling [@B046], [@B047]. Although PTEN shares a high degree of structural similarity with the )canonical Dusp structure, PTEN has a four-residue insertion between the β2 strand and α1 helix relative to VHR, which results in an extended pocket. This larger pocket accounts for the large size of the PIP3 substrate [@B049].

Myotubularins
-------------

Myotubularin enzymes (MTMRs) contain the largest catalytic domain (∼380 amino acids) among protein tyrosine phosphatomes. Further, its catalytic domain is highly associated with the GRAM domain at the N-terminus. The catalytic domain of the MTMR consists of a central seven-stranded β sheet flanked by 13 α helices [@B049]. The structural superposition of MTMR with VHR shows good alignment in which most VHR structures are present in the MTMR structure. In addition, two strands and seven helices are unique features in the catalytic domain of MTMR. MTMRs dephosphorylate either PI (3,5)P2 or PI (3)P at the D3 position. Although MTMR shares a consensus sequence motif, CX5R, it contains no aspartate at the position of the general acid in other PTPs. Instead, aspartate preceding arginine of the PTP loop acts as a general acid, as presented by mutational analysis and the complex structure of MTMR:PI (3,5) P2 [@B050].

CDC25
-----

Aside from having consensus sequences (HCX5R), CDC25 has no homology with the catalytic domain of protein tyrosine phosphatome. CDC25 has rather a rhodanase-like fold structurally and topologically [@B051]. Structural and mutational analysis shows that a general acid for catalysis is positioned next to catalytic cysteine [@B052].

Eyes absent
-----------

Eyes absent is recently identified as Asp-based PTPs [@B011]-[@B013]. Unlike Cys-based PTPs, eyes absent uses aspartic acid as a nucleophile in a metal-dependent reaction. The crystal structure of the catalytic domain of eyes absent shows two domain arrangements: a halo-acid dehalogenase (HAD)--like catalytic domain and helix bundle motif (HBM) ([Fig. 4](#F0004){ref-type="fig"}A) [@B053],[@B054]. In contrast to other HAD members, HBM is elongated along the back of the catalytic site, resulting in th accommodation of large protein substrates. Eyes absent human homologue 2 shares three consensus sequence motifs and a bound magnesium ion with the members of the HAD family. As shown in [Fig. 4](#F0004){ref-type="fig"}B, Asp274 is a nucleophile and also anchored by a magnesium ion. Magnesium ion is further stabilized by the interactions with the side chain of Asp502, backbone carbonyl group of Asp276. Asp276 act as a general acid/base by stabilizing the leaving group during the first step and is then involved in activating water-mediated hydrolysis of the phosphoenzyme complex. Lys480 and Thr448 appear to play a role in substrate binding.

![Structure and catalytic mechanism of eyes absent. (A) Ribbon diagram of catalytic domain of eyes absent. Catalytic domain (orange) and HBM (cyan) are colored differently. The active site aspartate and magnesium ion are drawn as ball-and-stick models. (B) Catalytic mechanism of eyes absent. A proposed two-step catalytic mechanism for eyes absent is shown.](BMB-45-693-g0004){#F0004}

CONCLUSION
==========

Given the importance of tyrosine phosphorylation, many PTPs and PTKs are predicted to be related to human diseases. In fact many specific inhibitors for the individual PTKs has been successfully developed in clinics [@B055]. PTPs including PTP1B, CDC25 and PRL-3 have drawn much attention as therapeutic targets. Despite substantial effort, the search for clinically applicable modulators has rarely been successful because of difficulties in getting sufficient selectivity over other PTPs and good bio-availability. As the number of elucidated PTP structures grows, we have not only a better understanding about PTP in terms of substrate specificities, and its catalytic mechanism and regulation, but a better opportunity to develop specific modulators for the individual PTPs which may be used for clinics.
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